Integrated photonic systems are a leading solution for fast and energy-efficient information processing. We develop a thermally tunable hybrid photonic platform for implementation of coherent optical networks applicable to dedicated computing and machine learning. The hybrid architecture comprises gallium arsenide (GaAs) photonic crystal cavities, silicon nitride (SiN x ) grating couplers and waveguides, and chromium (Cr) microheaters on an integrated photonic chip. We utilize the band-edge nonlinearity in GaAs photonic crystal cavity for switching at 6 ps timescale. The cavities are evanescently connected to a common bus waveguide, separating the computation and communication layers. To synchronize the operating frequency, we design metal microheaters that locally, continuously and reversibly tune photonic crystal cavities to a common resonance. We demonstrate 7 nm tunability range with no significant quality factor deterioration. By coupling the free-space light to the photonic chip, we demonstrate the tunable interaction of the propagating signal with three nonlinear optical nodes.
Introduction
All-optical systems are a leading solution for low-power and high bandwidth digital and analog information processing with a broad range of applications in reservoir computing, 1 machine learning, 2 Ising networks, 3 and special-purpose computing. 4 These optical systems bring together highly nonlinear nodes as fast switching and memory elements, 5 optical interfaces such as grating couplers and waveguides that allow connection between arbitrarily separated nodes, and tuning elements that provide complete control over the phase and the frequency of light propagating in the system. Many of these systems rely on optical phase relationships between the many different components in the optical circuit, which are enabled through the coherent control of light that propagates on chip. While silicon and amorphous silicon photonics benefit from CMOS compatibility and mature fabrication technology and are therefore attractive for building scalable optical circuits, they also suffer from drawbacks stemming from poor nonlinear optical performance. Devices made in bulk III-V materials on the other hand, have been shown to offer higher optical nonlinearities and operating speeds, taking advantage of enhanced free-carrier dispersion and linear absorption near the material band edge. 6, 7 Photonic crystal cavities that confine light in very small volumes and remarkably enhance nonlinear optical effects are optimal as these nonlinear building blocks.
However, connecting several cavities on a single optical chip via photonic crystal waveguides with control over the optical phase is challenging because of design and lithographic constraints associated with the highly ordered nature of photonic crystals. As an alternative bus waveguides that operate in a vertically spaced optical plane and evanescently couple to distant photonic crystals, can be used. [8] [9] [10] [11] These waveguides offer much higher flexibility in designing optical circuits. Device tunability can be enabled by metallic microheaters placed adjacent to the bus waveguide. Such a platform can be used to tune the frequency and relative phases of distant photonic elements arbitrarily, and is therefore a powerful tool for controlling the coupling between cavities on chip that are only achieved with difficult engineering design within traditional planar photonic crystal architectures.
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The hybrid integration of III-V substrates with silicon or silicon nitride has been widely explored for applications such as quantum well lasers, 13 as well as for applications in quantum information processing. 14 These systems combine highly desirable optical properties of the III-V materials, for example, high internal quantum efficiencies of quantum wells and quantum dots, with desirable properties of the silicon-based materials, for example, low-loss optical propagation, Kerr nonlinearities, dispersion engineering, and a multitude of other linear and nonlinear effects.
Here, we present a fully scalable, thermally tunable, hybrid III-V/SiN x photonic platform for all-optical computing applications. Individual gates in our system incorporate highly nonlinear gallium arsenide photonic crystal cavities that are designed to enhance the nonlinear free-carrier effect through near-band-edge resonances for fJ-scale switching near 900 nm wavelengths. 15 The photonic crystal cavities are clad using oxides below, above and inside the etched holes leading to stable devices and enhanced thermal management compared to air-bridged cavities, but continue to demonstrate optical switching at low energy and high speeds. Light in our optical circuit propagates in a layer vertically above this oxide layer via low propagation-loss SiN x bus waveguides, connecting several nodes that can be spatially separated by multiple wavelengths of light. We also achieve resonance tuning for the photonic crystal modes using chromium Ohmic microheaters designed for local and reversible resonance tuning of more than 5 nm, and integrated on chip. Using this platform, we demonstrate that multiple GaAs optical cavities can be probed using low-index SiN x waveguides, and modes of one cavity can be tuned through the resonances of other cavities.
The developed architecture is widely usable in a range of optical circuit applications, and supports operation at high speeds and low energy. All experiments are performed at room temperature using bulk effects. To tune the cavities into a common resonance, Ohmic microheaters are defined in a Cr layer on top of the glass.
Hybrid photonic architecture

Microheater and waveguide design
The thermal tuning element plays a significant role in determining the performance of optical circuits. In addition to phase and frequency control, a microheater can help mediate fabri- (Fig. 2a-b) .
We track three higher order modes of the perturbed cavity shown in Figure 2a as Modes A, B and C, as they maintain their pattern, but linearly red-shift in resonant wavelength by 6 nm for ∆n = 0.005 change in refractive index (Fig. 2d) . After synthesis of the results of all simulations with GaAs thermal dependence of the refractive index, 27 the projected resonance tuning sensitivity is found to be on the order of nm/V 2 .
For integration in complex circuits, we design bus waveguides for evanescent coupling to each cavity. Waveguide-integrated photonic crystal systems are simulated using Finite- thick SiO x layer on top of the devices. 10 After curing the flowable oxide in a PECVD chamber at 350
• C for one hour, a 220-nm layer of SiN x is deposited on the wafer in a PECVD chamber also at 350
• C. As an alternative to this oxidation technique, we have also explored devices where the sacrificial AlGaAs layer is removed using hydrofluoric acid, resulting in a freestanding GaAs membrane, and the device is completely immersed in flowable oxide, followed by high temperature curing. Although typical devices have higher quality factors because of the symmetric oxide cladding, this technique is found to be less robust for applications that require scaling because of residual stress and bending in some devices. Next, using hydrogen silsesquioxane (HSQ) as an electron-beam resist on the oxide layer, waveguides are overlaid on top of the photonic crystal cavity in a second e-beam lithography step. These waveguides potentially allow us to address individual or multiple cavities simultaneously in a transmission measurement. 10 In the case of multiple cavity systems a set of holes is etched in the first lithography step bridging the regions between adjacent cavities. These bridges serve a dual role, preventing sudden changes in height (steps) for the bus waveguide at the edges of the photonic crystal regions resulting from the multi-step deposition process, and also providing entry ways for oxidizing the AlGaAs layer underneath the bridge region. This oxidation is critical for light to propagate with low losses between distant nodes.
The waveguides are etched using HBr plasma. Semicircular gratings are used as an input/output interface with free-space light. A 50 nm thick Cr microheater layer is lifted-off using a 100 nm thick Poly-methyl methacrylate (PMMA) A4 electron-beam resist in the third ebeam lithography step. 
Experimental results
We characterize the developed hybrid photonics system in a confocal microscope under orthogonal incidence. An important result to verify is the nonlinear performance of our devices after the oxide cladding. For this experiment, sub-picosecond pulses from a Ti:sapphire laser at 820 nm are incident on the top of the oxide-clad cavity region and serve as a pump, while a continuous wave tunable laser (New Focus Velocity) is used to resonantly scan across the cavity mode wavelength at 901.5 nm, and serves as the probe. The reflected probe signal from the cavity is filtered using a spectrometer and measured using a streak camera (Hamamatsu) offering 2 ps dynamic resolution. In Figure 5 , we monitor the reflected probe signal from the cavity as a function of probe detuning from cavity resonance, expressed as ∆λ =λ -λ 0 , and delay between pump and probe, expressed as ∆τ for pump power of 200 µW. The arrival of the pump laser results in excitation of free carriers in the GaAs cavity region above the GaAs bandgap, leading to a change in refractive index through the free-carrier dispersion effect, and thus a blue-shift in the cavity resonance. 6 The switching time for the cavity is measured to be around 6 ps. These experiments confirm that the nonlinear effects that are observed in air-clad GaAs photonic crystal cavities are also evident in oxide-clad devices. Additional improvements in switching speeds could be pursued through atomic layer deposition of the cladding as a means of minimizing free carrier surface recombination. After the nonlinear measurements, we subsequently test the performance of the microheaters in tuning the resonance of the cavity mode. Electronic DC probes with a 60 µm pitch are contacted with the microheater pads, and the resulting I-V curve is analyzed to determine the microheater resistance, usually found to be 4 kΩ. As a first step, we tune a single linear L3 defect cavity node using a broadband light source at normal incidence to track the cavity mode. The cavity spectrum exhibits two resonances at 919 nm (third order mode) and 926 nm (second order mode) with quality factor Q ∼ 1500 at 0 V for the latter.
As we increase the applied voltage, a clear redshift of the cavity spectra can be observed in experiments, consistent with thermal tuning. Figure 6a shows this spectral tuning under an applied voltage range of 0 to 2.7 V, where we acquire the cavity spectrum at regular intervals while tuning the voltage. We fit the acquired data using nonlinear curve fitting in Matlab and track the resonant wavelength and linewidth of the higher wavelength mode as we tune the voltage. The results are shown in Figure 6b . We observe overall tuning of nearly 7 nm.
The tuning is continuous and reversible, with the sensitivity of 1 nm/V 2 , as modeled. In the data, the linewidth of the cavity mode seems to fluctuate over the tuning range, however these variations are most likely an artifact of the free-running acquisition scheme which continuously tunes the resonance throughout the signal collection affecting its lineshape. These fluctuations are therefore observed especially at higher voltages where the slope of the shift increases. Overall, the tuning does not degrade the quality factor significantly. As a final demonstration of the scalable hybrid tunable architecture, we study three perturbed photonic crystal cavities that are separated by 11 µm each and connected using a common bus waveguide. Light is incident at an input grating coupler (10 dB loss) in the waveguide plane and transmitted through the bus waveguide, evanescently coupling to each resonance. The transmission contrast is limited to < 3 dB by an imperfect mode and phase matching between the waveguide and cavity modes. 29 The total transmission loss is estimated at above 30 dB, and can be significantly improved with the use of more efficient grating couplers. and the device periodicities, the thermal dissipation flux corresponds to 1 kW/cm 2 , which is routinely achieved using liquid cooling techniques.
31
In summary, we have implemented a thermally tunable hybrid photonic architecture suitable for coherent interaction of free-space light and tunable GaAs photonic crystal cavities facilitated by SiN x bus-waveguide terminated by grating couplers. We show excellent thermal tuning performance using custom-designed microheaters. Importantly, we show that the tuning scheme, in addition to being reversible, is also local to the region near the photonic crystal, and does not result in degradation of the cavity mode or waveguide. This experiment demonstrates tuning control for aligning arbitrarily distant optical cavities to the same optical resonance. Simultaneous wavelength tuning at a second node, or the addition of a heater adjacent to the waveguide region will allow us to also control the phase of light in the optical circuit. This experiment therefore provides a framework for designing highly nonlinear, coherent optical circuits.
32,33
